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Abstract—Unmanned aerial vehicles (UAVs) are developing
rapidly owing to flexible deployment and access services as
air base stations. However, the channel errors of low-altitude
communication links formed by mobile deployment of UAVs
cannot be ignored. And the energy efficiency of the UAVs
communication with imperfect channel state information (CSI)
hasnt been well studied yet. Therefore, we focus on system perfor-
mance optimization in non-orthogonal multiple access (NOMA)
UAV network considering imperfect CSI between the UAV and
users. A suboptimal resource allocation scheme including user
scheduling and power allocation is designed for maximizing
energy efficiency. Because of the nonconvexity of optimization
function with an probability constraint for imperfect CSI, the
original problem is converted into a non-probability problem
and then decoupled into two convex subproblems. First, a user
scheduling method is applied in the two-side matching of users
and subchannels by the difference of convex programming. Then
based on user scheduling, the energy efficiency in UAV cells is
optimized through a suboptimal power allocation algorithm by
successive convex approximation method. The simulation results
prove that the proposed algorithm is effective compared with
existing resource allocation schemes.
Index Terms—Unmanned aerial vehicle, energy efficiency, 5G,
resource allocation, imperfect channel state information.
I. INTRODUCTION
Because of the sharp growth of communication devices,
researches on unmanned aerial vehicle (UAV) networks have
attracted attention for their flexible deployment. UAV can meet
the requirements for global seamless coverage of the fifth
generation (5G) or even beyond fifth generation (B5G) mobile
networks [1]. In order to meet the wireless traffic needs of all
users as much as possible, especially in urban areas with large-
scale mobile users, 5G requires high-capacity dense access
point coverage [2]. In areas where users and equipments are
heavily deployed, UAVs can act as air base stations (BS) to
assist ground BS to provide services. The application of UAVs
not only increases the coverage area, but also enhances the
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system connectivity. In addition, many Internet of Things (IoT)
devices are very vulnerable to disasters. If the ground BS is
damaged and cannot provide communication services, UAVs
can be used for emergency communication [3].
Different with the channel model in small cell networks, the
existence of direct line-of-sight (LOS) need to be considered in
the low-altitude communication link. Extra reflections caused
by buildings in non-line-of-sight (NLOS) also need to be
considered [4]. For the study of any communication environ-
ment, an accurate channel model is necessary [5]. Therefore,
there are many studies on the channel model of the air-to-
ground communication. [6] studied the channel model from
low altitude platforms (LAPs) to users. It also proved that the
LOS probability from UAVs to users is in connection with the
elevation angle and parameters of the located area including
the distribution of obstacles. In [7], the authors focused on the
impact of elevation angle because the elevation angle has the
opposite effect on LOS probability and antenna gain. And it is
obvious that the channel gain from the UAV to users is related
to the UAV height.
UAVs can support enhanced mobile broadband (eMBB) [8]
to assist with 5G cellular network connections [9]. The traffic
load of the macrocell can be transferred to the small cell
access point to alleviate the burden on the cellular network
[10], and the UAV can play the same role as the air small
cell. UAVs that can move and provide links at any time are
an important part of 5G interconnections at low altitudes.
However, considering the limitations of UAV launch power
and flight height, the deployment of numerous UAVs in the
B5G communication system makes the system performance
of UAV communication networks worth studying. [11] con-
sidered UAVs as mobile access points, and maximized user
throughput by optimizing trajectory and resource allocation.
Multiple UAV collaborations are widely used in the IoT and
wireless sensor networks [12] [13]. UAVs with underlaid
Device-to-Device (D2D) communications is considered in
[14], the author discussed the coverage probability and overall
rates in the entire UAV system. Further considering D2D
communication with energy harvesting, resource optimization
in the UAV auxiliary network to maximize throughput per unit
time was discussed in [15].
Non-orthogonal multiple access (NOMA) which is a very
critical technology of 5G [16], has been applied to UAV
communication to provide services for more ground users.
NOMA communication between the aerial UAV and ground
is a promising technology called groundaerial NOMA [17].
NOMA technology ensures that multiple users transmit simul-
taneously in a subchannel by successive interference cancella-
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2tion (SIC) technology. Specifically, users with strong channel
gain can eliminate the signal from users with poor channel
gain [18]. Using SIC on user side can successfully decode
the received signal according to the channel gain order and
improve system performance [19].
Many works of resource allocation have been done in
the UAV network. In [20], since the total system rate in
UAV network was non-convex, the author first optimized the
position of the UAV to minimize the path loss and then
optimized the power allocation. [21] discussed the power
allocation in the case of UAV height fixation and UAV altitude
movement, and proved that NOMA-assisted UAV network
had a better performance than orthogonal frequency division
multiple access (OFDMA)-assisted UAV network. [22] [23]
focused on the interference coordination of the UAV-based
wireless networks.
[24] comprehensively optimized the resource allocation of
macro BS and UAVs, and then used the difference of convex
(DC) program to solve the non-convex objective functions.
In previous researches, if the stability of the network was
considered, probability of outage would be introduced. If the
instantaneous data rate exceeds the maximum capacity of the
system, it is considered as a communication outage. The author
in [25] confirmed that the outage probability was related to the
users quality of services (QoS) demand and power allocation.
However, previous studies of the UAV communication net-
work only discussed the perfect channel state information
(CSI) with path loss. The author in [26] fixed the height of the
aircraft and maximized system energy efficiency through opti-
mization of the flight trajectory of the aircraft. [27] considered
the UAV-assisted 5G network with macro BS and connected
users with different UAVs. It proved that the introduction of
UAV can enhance the system performance, and the energy
efficiency was closely related to the flight height of the UAV.
However, different from [6], the small-scale fading of UAV
channels should also be considered. Because in this paper,
the low-altitude UAV communication is considered in urban
areas where users and buildings are densely populated. In this
scenario, there must be small-scale fading caused by multipath
propagation, and it cannot be ignored in comparison to path
loss. Because UAVs communicate with ground users through
air links, the CSI is not perfectly perceived in practice, due to
estimation errors and finite data feedback [28]. [29] discussed
the resource allocation problem of the cellular network in
NOMA with imperfect CSI. Due to the high-speed mobility of
UAVs, UAVs can be randomly deployed over ultra-dense users
with demand. The low-altitude communication link is affected
by the reflection of various obstacles. Therefore, compared
with the ground BS to the user, it is more necessary for
UAV communication to consider about the imperfection of
the channel. Then, energy efficiency of users in the NOMA
UAV network with imperfect CSI is discussed in this paper.
In this work, system performance in a downlink NOMA
network architecture with UAVs and a ground macro BS is
studied. To the best of our knowledge, the energy efficiency
optimization with imperfect CSI in NOMA UAV network
hasnt been studied yet. Different with [30] that studied two-
side matching between two types of users sharing spectrum
to improve spectrum efficiency, a two-side matching between
users and subchannels is studied to improve energy efficiency.
Subchannel and power resources are successively allocated
to optimize the UAV network energy efficiency. Considering
imperfect CSI, an estimation error variance is introduced
to form energy efficiency expression [31]. UAV moves to
users who cannot be served by a ground BS, and a resource
allocation method is designed based on the number of users
and communication distance when UAV is hovering. As for re-
source optimization method, first the power of each subchannel
is set to equal when users and subchannels are matched. Then
the appropriate power is allocated on different subchannels.
The main contributions of our paper are listed as follows.
• Energy efficiency optimization for NOMA UAV network:
The total network consists of UAVs acting as air BSs, a
ground BS, and users receiving signals from UAVs and
the ground BS respectively. Unlike the optimization of
total data rate, our target is to optimize energy efficiency
of UAV users with NOMA. The energy efficiency is op-
timized through user scheduling as well as power alloca-
tion in the UAV network, considering the constraints such
as imperfect CSI, transmit power limit of the UAV, and
the interference of the UAV to the macro user. The non-
convex target problem is converted to two subproblems
with convexity, then solved by user scheduling and power
allocation respectively.
• Two-side matching between subchannels and users by
user scheduling algorithm: The twoside suboptimal selec-
tion algorithm of the subchannel and the user is studied
on the basis of the channel gain with imperfect CSI
from UAVs to users. The mobility of the UAV results in
different distances of the communication link, which will
cause changes in channel and user matching. Therefore,
two-side matching is performed with hovering UAV. In
the paper, assume that at most two users can be assigned
to each subchannel. Then a DC programming is applied
to select the energy efficient user pair on each subchannel
by power proportion factor.
• Design of suboptimal power allocation algorithm: On the
basis of user scheduling, matching of users and subchan-
nels has been completed, and the power proportion factor
on each subchannel has been fixed, only the power on
each subchannel has not been allocated, but the energy
efficiency in UAV network is non-convex with respect
to power. Then the successive convex approximation
method is applied to transform the optimization problem
to convex problem. Finally, a suboptimal power allocation
algorithm is designed to optimize energy efficiency.
The rest of our paper is organized as follows. Section II
depicts the system model of UAV network. In Section III, we
analyze the representation of the energy efficiency function
and introduce user scheduling and power allocation methods.
Then the algorithm of resource allocation is shown in Section
IV. Simulation results of energy efficiency are presented in
Section V. At last, Section VI is the conclusion of this paper.
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Fig. 1. Topology of the UAV network with a macro base station.
II. SYSTEM MODEL
The network where one macro BS and I UAVs coexist is
shown in Fig. 1. A hovering UAV only serves a UAV cell and
I UAV small cells are located in the macrocell range with
radius R, W macro users are randomly located in macrocell.
N users are provided communication services by UAVs which
are randomly located in the UAV cell called UAV users.
The same spectrum are shared between all UAV cells
and the macrocell. Let hi represents the altitude of the ith
UAV. The bandwidth of the channel BW can be divided
into K subchannels. Therefore, each subchannel bandwidth
Bsc = BW/K. The index of the subchannel is k where
k ∈ {1, 2, ...,K} .
Let Nk ∈ {1 , 2, ...Nk} express as the users number
assigned on the subchannel k (SCk) where N = N1 +N2 +
... + NK . The nth user assigned on a subchannel is denoted
as n. Assume that at most two users can be assigned to
each subchannel to reduce computational complexity. That
is, Nk <= 2. The power of the nth user on SCk in ith
UAV network is denoted by pn,i,k. The transmit power of
a UAV is PUAV , then the subchannel and UAV power limit
are shown as
Nk∑
n=1
pn,i,k = pn,i and
K∑
k=1
pn,i ≤ PUAV , where
pn,i is the power allocated on SCk. Also, pMw,k is the BS
power allocated to macro user w on subchannel k with limited
K∑
k=1
W∑
w=1
pMw,k ≤ PBS , where PBS is the maximum BS power.
The signal transmitted by the ith UAV network through SCk
is expressed as
xi,k =
Nk∑
n=1
√
pn,i,ksn,i, (1)
where sn,i is the modulated symbol.
The nth user of the ith UAV receives the signal on sub-
channel k as
yn,i,k = Hn,i,kxi,k + zn,i,k
=
√
pn,i,kHn,i,ksn,i +
Nk∑
j=1,j 6=n
√
pj,i,kHn,i,ksj,i + zn,i,k,
(2)
where Hn,i,k = PL(d)n,i,kgn,i,k, gn,i,k ∼ CN(0, 1) is a
complex Gaussian random variable representing the small-
scale fading in the subchannel k of the ith UAV to the nth
user. PL(d)n,i,k is the path loss from ith UAV to nth user
with distance d. The term zn,i,k ∼ CN(0, σ2) is the white
Gaussian noise which has a mean zero and variance σ2.
Assume that the same subchannel has the same channel
fading which may be different across subchannels. Unlike
previous articles that only considered UAV-to-user path loss,
small-scale fading is also considered in our paper. Because
in a user-intensive area, if a disaster occurs, the low-altitude
UAV can be served as an air BS and obstacles block the LOS
transmission. Small-scale fading occurs due to the obstacles
causing multipath transmission in the subchannel. However,
differ with the channel fading from the BS to macro users, the
path loss between the hovering UAV and UAV users including
LOS and NLOS condition. The part among UAVs and urban
buildings in free space is LOS, and the remaining part from
the obstacle to users is NLOS. Because of the shadow effect
and obstructions of dense urban buildings, fading in NLOS
part is much larger than the LOS condition.
As for the probability of LOS in the low-altitude link
between hovering UAVs and users depends upon the surround-
ings, the elevation angle, and the distribution of users and
UAVs. The probability of LOS link is written as [6]
PLOS =
1
1 + u exp(−v[φ−A]) , (3)
where u and v are environment parameters including the height
of obstacles, etc. The elevation angle φ is expressed as
φ =
180
pi
× arcsin(h
d
), (4)
where h represents the hovering height of UAVs, d represents
the distance from UAV to users. Assume that the path loss
between UAVs and the user strictly follows both LOS and
NLOS [6]. Then, the NLOS link probability is presented as
PNLOS = 1− PLOS . (5)
Therefore, the total path loss from UAVs to users is shown
as follows [14]
PL(d) = PLOS × (d)−α + PNLOS × η(d)−α, (6)
where α represents path loss index between users and UAV
connection, and η is an extra attenuation coefficient because
of the NLOS link.
If users can perfectly perceive the CSI in the UAV low-
altitude communication channel, the signal-to-interference-
plus-noise ratio (SINR) in the ith UAV network for UAV user
n occupying the kth subchannel is
SINRn,i,k =
pn,i,k|Hn,i,k|2
pMk |HMn,i,k|2 +
Nk∑
j=1,j 6=n
pj,i,k|Hn,i,k|2 + σ2
,
(7)
HMn,i,k is channel gain between macro BS and ith UAV
user n through subchannel k. pMk |HMn,i,k|2 represents the
interference suffered by UAV users on SCk from BS.
4Nk∑
j=1,j 6=n
pj,i,k|Hn,i,k|2 represents the interference resulted by
the other users in the same subchannel k due to NOMA. It is
verified in [32] that the directional antenna has high channel
correlation in the mobile-to-mobile channel. Therefore, the
users of the UAV cell are considered to use directional anten-
nas, the UAV-to-UAV interference can be negligible compared
to cross-tier macro-to-UAV interference [33].
The SIC technology is widely used in NOMA networks
to reduce interference between co-frequency users. NOMA
system assigns much power to users having lower channel
gain. So the user with a better channel gain condition can
eliminate interference created by other users in a poorer
channel condition on a subchannel. Consider that for ith UAV,
the gain of Nk users on kth subchannel is ordered as
|H1,i,k| ≤ |H2,i,k| ≤ ...|Hn,i,k| ≤ ... ≤ |HNk,i,k|. (8)
So that for user j > n, then |Hn,i,k| ≤ |Hj,i,k|, nth UAV
user is able to decode the signal because interference created
by user j can be removed. If user j < n, signal from user j is
considered interference. Therefore, when the receiver applies
SIC technology, the SINR of user n is rewritten as
SINRn,i,k =
pn,i,k|Hn,i,k|2
pMk |HMn,i,k|2 +
n−1∑
j=1
pj,i,k|Hn,i,k|2 + σ2
. (9)
According to Shannon Theory, the maximum capacity of
the nth user on SCk in ith UAV network is
Cn,i,k = Bsclog2(1 + SINRn,i,k). (10)
Because of large scale fading such as path loss changes
slowly, we assume that the BS as well as UAVs can estimate
it perfectly [34]. Therefore, in this paper, imperfect CSI
especially as small scale fading between hovering UAVs and
users is considered. The energy efficiency optimization in UAV
network is studied with the estimated fading channel. The
small scale fading coefficient for the ith UAV to the nth user
on kth subchannel is shown as
gn,i,k = gˆn,i,k + en,i,k, (11)
where channel estimated error en,i,k is a complex Gaussian
distribution that has zero-mean and variance σ2e . And gˆn,i,k ∼
CN(0, 1 − σ2e) represents the estimated small-scale fading
channel coefficient. The estimated channel gain is
Hˆn,i,k = PL(d)n,i,kgˆn,i,k = PL(d)n,i,kgˆn,i,k + en,i,k. (12)
Then channel estimated error and known CSI are combined to
reorder imperfect channel gain as follows
|Hˆ1,i,k| ≤ |Hˆ2,i,k| ≤ ...|Hˆn,i,k| ≤ ... ≤ |HˆNk,i,k|. (13)
According to SIC, the estimated ˆSINRn,i,k and data rate are
written as
ˆSINRn,i,k =
pn,i,k|Hˆn,i,k|2
pMk |HMn,i,k|2 +
n−1∑
j=1
pj,i,k|Hˆn,i,k|2 + σ2
, (14)
Rn,i,k = Bsclog2(1 + ˆSINRn,i,k). (15)
Considering the channel changes caused by the UAV po-
sition and the estimation error in subchannels, the outage
probability is introduced to measure system performance.
Therefore, the average outage total rate is depicted as [35]
Rˆ =
I∑
i=1
K∑
k=1
Nk∑
n=1
Rn,i,k(Pr[Cn,i,k > Rn,i,k|gˆn,i,k]). (16)
In the case of gˆn,i,k, there is a non-zero outage probability.
Therefore, the total rate of successful transmission is the
average outage probability.
Then, the energy efficiency of user n on subchannel k in
UAV i is
EEn,i,k =
(Pr[Cn,i,k > Rn,i,k|gˆn,i,k])Rn,i,k
pm + pn,i,k
. (17)
where pm represents the mechanical energy consumption per
unit time to keep hovering against gravity, and is generally
considered as constant [36].
Besides the mechanical energy consumption by the hovering
of the UAV, the transmit power for providing communication
services to ground users is also part of the energy consumption.
However, the power of each UAV is limited, it is essential to
achieve greater energy efficiency by saving transmit power.
The energy efficiency objective function of our paper is to
optimize the limited transmit power to achieve a larger system
rate. Considering all users and all subchannels occupied in
UAV cells, the total energy efficiency in our paper should be
depicted as
EE(U,P ) =
I∑
i=1
K∑
k=1
Nk∑
n=1
EEn,i,k
=
I∑
i=1
K∑
k=1
Nk∑
n=1
(Pr[Cn,i,k > Rn,i,k|gˆn,i,k])Rn,i,k
pm + pn,i,k
,
(18)
U represents the matrix of users and subchannels matching,
and P represents the matrix of power allocation. The energy
efficiency problem in the UAV network are resolved by
optimizing U and P .
The energy efficiency optimization in the UAV cells with
imperfect CSI should consider restrictions as follows:
• Transmit power constraint of each UAV:
K∑
k=1
Nk∑
n=1
pn,i,k ≤ PUAV ,∀i (19)
where PUAV is the maximum transmit power of each
UAV.
• Interference limitation for macro users:
I∑
i=1
pi,k|HMw,i,k|2 ≤ Ik,∀w, k (20)
On the one hand, multiple UAVs provide access ser-
vices for more ground users. On the other hand, UAVs
bring inevitable interference to users who are still using
ground BS for communication service. Therefore, the
5interference restrictions of macro users also need to be
considered.
• Outage probability constraint: The UAV cannot provide
excellent service to the user when an outage occurs. In
order to guarantee the QoS, it is important to consider
the outage probability constraint.
Pr[Cn,i,k < Rn,i,k|gˆn,i,k] ≤ εout,∀i, n, k. (21)
Therefore, the optimization problem with related constraints
in the downlink UAV cells is formulated as
max EE
(U,P )
(U,P ) (22)
s.t. C1 :
K∑
k=1
Nk∑
n=1
pn,i,k ≤ PUAV ,∀i
C2 : pn,i,k ≥ 0,∀i, n, k
C3 :
I∑
i=1
pi,k|HMw,i,k|2 ≤ Ik,∀w, k
C4 : Pr[Cn,i,k < Rn,i,k|gˆn,i,k] ≤ εout,∀i, n, k
C5 : Nk ≤ 2.
(23)
C1 is total transmission power constraint of each UAV cell;
C2 represents non-negative power assigned to each UAV user,
and ensures that each user can perform normal communication
services; C3 is the interference restriction imposed by the
UAV network on the macro user with maximum tolerable
interference level Ik per macro user; C4 expresses the outage
probability threshold εout and C5 means that at most two users
are assigned on each subchannel considering multiplexing due
to computational complexity in our paper.
III. ENERGY EFFICIENCY OPTIMIZATION AND RESOURCE
ALLOCATION
Since the objective function in (22) and C4 in (23) are
non-convex, we introduce an outage threshold to remove
probability constraints from problems, and rewrite the energy
efficiency function in the UAV network. The target problem is
decoupled into subchannel-user match and power control. In
other words, power is allocated based on user scheduling to
optimize energy efficiency considering imperfect CSI.
A. Optimization Problem Transformation
The original problem has a probability constraint and be-
longs to a non-convex function. To remove the probability
constraint, the target problem is simplified by the outage
threshold εout. First, the actual and maximum achievable SINR
are respectively written as
ˆSINRn,i,k=
a1n,i,k
a2n,i,k
= 2
Rn,i,k
RSC − 1, (24)
SINRn,i,k=
b1n,i,k
b2n,i,k
, (25)
where b1n,i,k = pn,i,k|Hˆn,i,k|2 and b2n,i,k = pMk |HMn,i,k|2 +
n−1∑
j=1
pj,i,k|Hˆn,i,k|2 + σ2. Therefore, the probability that the
actual instantaneous rate is more than the maximum achievable
capacity is derived as follows
Pr[Cn,i,k < Rn,i,k|gˆn,i,k]
= Pr[SINRn,i,k < ˆSINRn,i,k|gˆn,i,k]
= Pr[
b1n,i,k
b2n,i,k
< 2
Rn,i,k
RSC − 1|gˆn,i,k]
= Pr[
b1n,i,k
b2n,i,k
< 2
Rn,i,k
RSC − 1] Pr[b1n,i,k ≤ a1n,i,k|gˆn,i,k]
+ Pr[
b1n,i,k
b2n,i,k
< 2
Rn,i,k
RSC − 1] Pr[b1n,i,k > a1n,i,k|gˆn,i,k].
(26)
Then there are more strict constraints to satisfy Pr[Cn,i,k <
Rn,i,k|gˆn,i,k] ≤ εout as follows [29], [35]
Pr[b2n,i,k ≥ a2n,i,k|gˆn,i,k] ≤ εout/2, (27)
Pr[b1n,i,k ≤ a1n,i,k|gˆn,i,k] = εout/2. (28)
To prove it, the following is derived
Pr[b2n,i,k ≥ a2n,i,k|gˆn,i,k] = Pr[
a1n,i,k
b2n,i,k
≤ a
1
n,i,k
a2n,i,k
|gˆn,i,k]
= Pr[
a1n,i,k
b2n,i,k
≤ 2
Rn,i,k
RSC − 1|gˆn,i,k] ≤ εout/2.
(29)
Therefore,
Pr[
b1n,i,k
b2n,i,k
< 2
Rn,i,k
RSC − 1|b1n,i,k > a1n,i,k, gˆn,i,k] ≤ εout/2.
(30)
Thanks to the following two formulas
Pr[b1n,i,k > a
1
n,i,k|gˆn,i,k] = 1− εout/2, (31)
Pr[
b1n,i,k
b2n,i,k
< 2
Rn,i,k
RSC − 1|b1n,i,k ≤ a1n,i,k, gˆn,i,k] ≤ 1. (32)
Therefore, when εout  1 the constraint in (26) approximates
as
Pr[Cn,i,k < Rn,i,k|gˆn,i,k] ≤ εout
2
+ (
εout
2
)(1− εout
2
) ≈ εout.
(33)
According to the definition of Markov inequality [35], [37],
Then (27) and (28) are rewritten as following
Pr[b2n,i,k ≥ a2n,i,k|gˆn,i,k]
= Pr[
n−1∑
j=1
pj,i,k|Hˆn,i,k|2 + σ2 + pMk |HMn,i,k|2 ≥ a2n,i,k|gˆn,i,k]
= Pr[
n−1∑
j=1
pj,i,k|Hˆn,i,k|2 ≥ a2n,i,k − σ2 − pMk |HMn,i,k|2|gˆn,i,k]
≤
E[
n−1∑
j=1
pj,i,k|Hˆn,i,k|2]
a2n,i,k − σ2 − pMk |HMn,i,k|2
=
n−1∑
j=1
pj,i,k|Hˆn,i,k|2
a2n,i,k − σ2 − pMk |HMn,i,k|2
,
(34)
6Pr[b1n,i,k ≤ a1n,i,k|gˆn,i,k]
= Pr[pn,i,k|Hˆn,i,k|2 ≤ a1n,i,k|gˆn,i,k]
= Pr[|gn,i,k|2 ≤
a1n,i,k
pn,i,k|PL|2 |gˆn,i,k]
= F|gn,i,k|2(
a1n,i,k
pn,i,k|PL|2 )
= 1−Q1(
√
2|gn,i,k|2
σ2e
,
√
2a1n,i,k
σ2epn,i,k|PL|2
)
= εout/2,
(35)
where |gn,i,k|2 ∼ CN(gˆn,i,k, σ2) and Q1(X,Y ) is the Mar-
cum Q-function. PL is the path loss related to distance, which
is a simple way of writing PL(d)n,i,k. Therefore
a1n,i,k = F
−1
|gn,i,k|2(εout/2) · pn,i,k|PL|2. (36)
Then (34) is rewritten as
n−1∑
j=1
pj,i,k|Hˆn,i,k|2
a1n,i,k/(2
Rn,i,k
RSC − 1)− σ2 − pMk |HMn,i,k|2
=
n−1∑
j=1
pj,i,k|PL|2(|gˆn,i,k|2 + σ2e)
F−1|gn,i,k|2
(εout/2)·pn,i,k|PL|2
2
Rn,i,k
RSC −1
− σ2 − pMk |HMn,i,k|2
=
εout
2
.
(37)
where refering to (27) and this formula equal to
εout
2 . Let Θn,i,k = εout(σ
2 + pMk |HMn,i,k|2), and
Ψn,i,k=|PLn,i,k|2|gˆn,i,k|2 + σ2e . The SINR considering
the outage probability of users with imperfect CSI is given
by
ˆSINRn,i,k =
εoutF
−1
|gn,i,k|2(εout/2) · pn,i,k|PL|2
Θn,i,k + 2Ψn,i,k
n−1∑
j=1
pj,i,k
. (38)
Multiple users can occupy one subchannel at the same time
because of NOMA. In this paper, Nk is limited to no more
than two users. Assume channel gain |Hˆ2,i,k| < |Hˆ1,i,k|, ∀i, k,
then energy efficiency problem in UAV cells is expressed as
(39), where βj,i,k, j = 1, 2 is ratio for
pj,i,k
pi,k
and pi,k is power
allocated on SCk. Our resource allocation method in the UAV
network is discussed by two steps based on channel and power
allocation. Then two iterative algorithms are designed to deal
with the network energy efficiency optimization for NOMA
UAV network.
B. Energy-Efficient User Scheduling
To begin with, the power of each subchannel is set to equal
in the UAV cells. NOMA allows each subchannel to serve
multiple users at the same time. Only two users are assigned to
each subchannel and each user occupies only one subchannel
in this paper. Therefore, the user side and the subchannel side
are two-side match. Users select the subchannel at first, then
the subchannel side selects the user pair. First, the matching
choices of users and subchannels are sorted according to the
imperfect CSI from UAVs to users. The user prefers SCi if
the channel gain estimated on the SCi is greater than SCj .
As for the subchannel side, if the maximum energy efficiency
on this subchannel achieved by user pair Ui is greater than Uj ,
the user pair Ui will be matched to the subchannel. Then our
goal is to find optimal user pair to obtain maximum energy
efficiency on each subchannel to complete user scheduling.
When considering the match of users and subchannels,
because the (39) is non-convex for β, DC programming which
is represented as a minimization of a difference of two convex
functions, is used to solve this problem as follows.
min
β∈(0,1)
F (β) = min
β∈(0,1)
F1(β)− F2(β). (40)
Then objective function (39) is rewritten as (41) and (42),
where ∇F2(β) is the gradient of F2(β) , ∆n,i,k = εout(σ2 +
pMk |HMn,i,k|2)+εoutF−1|gn,i,k|2( εout2 ) · |PLn,i,k|2pi,k.
A suboptimal approach is designed to achieve user schedul-
ing by replacing −F2(β) in (40) with −F2(β)−∇F2(βt). First
the convexity of F1(β) and F2(β) is proved in Proposition 1
as follows [38]
Proposition 1: If −s(β) =
Bsclog2(1+
F−1|g1,i,k|2
(
εout
2 )·|PL1,i,k|2β1,i,kpi,k
σ2+pMk |HM1,i,k|2
)
is strictly concave in β1,i,k, −S(β) =
Bsclog2(1+
F
−1
|g1,i,k|2
(
εout
2
)·|PL1,i,k|2β1,i,kpi,k
σ2+pM
k
|HM
1,i,k
|2 )
pm+β1,i,kpi,k
is strictly
quasiconcave.
Proof: The α-sublevel set of function −S(β) is expressed
as
Sa = {1 > β1,i,k > 0| − S(β1,i,k) ≥ α}. (44)
According to the definition of α-sublevel, −S(β1,i,k) is strictly
concave when Sa is strictly convex. −S(β1,i,k) > α when
α < 0. When α > 0, Sa = {1 > β1,i,k > 0|0 ≥ α(pm +
β1,i,kpi,k) + s(β1,i,k)} is strictly convex due to the convexity
of s(β1,i,k). Therefore, S(β) is strictly quasi-convex. Then the
other part in F1(β) and F2(βt) are also strictly quasi-convex
by a similar proof process.
max
β,P
EE =
I∑
i=1
K∑
k=1
Nk∑
n=1
(Pr[Cn,i,k > Rn,i,k|gˆn,i,k])Rn,i,k
pm + pn,i,k
= max
β,P
I∑
i=1
K∑
k=1
(1− εout)(
Bsclog2(1+
F−1|g1,i,k|2
(
εout
2 )·|PL1,i,k|2β1,i,kpi,k
σ2+pMk |HM1,i,k|2
)
pm + β1,i,kpi,k
+
Bsclog2(1+
εoutF
−1
|g2,i,k|2
(
εout
2 )·|PL2,i,k|2β2,i,kpi,k
Θ2,i,k+2Ψn,i,kβ1,i,kpi,k
)
pm + β2,i,kpi,k
),
(39)
7F1(β) = −
Bsclog2(1+
F−1|g1,i,k|2
(
εout
2 )·|PL1,i,k|2β1,i,kpi,k
σ2+pMk |HM1,i,k|2
)
pm + β1,i,kpi,k
+
Bsclog2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k)
pm + (1− β1,i,k)pi,k , (41)
F2(β) =
Bsclog2((2Ψ2,i,k)− εoutF−1|g2,i,k|2( εout2 ) · |PL2,i,k|2)β1,i,kpi,k + ∆2,i,k)
pm + (1− β1,i,k)pi,k , (42)
∇F2(β) = Bsc
(2Ψ2,i,k)−εoutF−1|g2,i,k|2 (
εout
2 )·|PL2,i,k|2)pi,k(pm+(1−β1,i,k)pi,k)
((2Ψ2,i,k)−εoutF−1|g2,i,k|2 (
εout
2 )·|PL2,i,k|2)β1,i,kpi,k+∆2,i,k) ln 2
(pm + (1− β1,i,k)pi,k)2
−Bsc F2(β)(−pi,k)
(pm + (1− β1,i,k)pi,k)2
, (43)
Therefore, in this user scheduling scheme, first, the sub-
channel selects a user with the highest gain according to the
estimated imperfect CSI. If only zero user or one user is
assigned to the subchannel, a new user who has not assigned
a subchannel is added to this subchannel. Otherwise, any two
users of the new user and original two users will form a total
of three user pairs, but only one user pair will be assigned to
the subchannel. Next the DC algorithm is used to search the
optimal power proportion factor of each user pair to obtain
the maximum energy efficiency of each subchannel. The most
energy efficient user pair of three pairs is eventually assigned
to this subchannel.
C. Energy-Efficient Power Allocation
On the basis of the subchannel-user matching and βn,i,k
of each subchannel, then different power is allocated on
subchannels to realize maximum energy efficiency in the UAV
cell. (39) is rewritten as The (45) is non-convex with respect
to pi,k, which can be proved similarly to Proposition 1. The
successive convex approximation method [39] is considered to
be a promising approach for handling non-convex problems.
In case x > 0 and y > 0, − log(x) ≥ − log(y) − 1y (x − y)
[40]. Referring to the previous inequality relationship, so a
part of (45) is approximated as
− log2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k)
≥ −log2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k[l])
− 2Ψ2,i,kβ1,i,k(pi,k − pi,k[l])
(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k[l]) ln 2
.
(46)
Then the problem about power is transformed into a convex
problem, and the energy efficiency function for power is
rewritten as (47), which subject to
I∑
i=1
pi,k|HMw,i,k|2 ≤ Ik and
Nk ≤ 2.
IV. RESOURCE OPTIMIZATION ALGORITHM DESIGN
According to the above analysis, two suboptimal algorithms
consisting of user scheduling and cross-subchannel power
allocation for performance optimization of the UAV network
are proposed as follows.
Algorithm 1 User Scheduling Algorithm
1: Initialization: The matching priority order of users and
subchannels based on the imperfect CSI from the UAV to
users.
2: Users first select the subchannel according to priority
order, then the user set Nk and
∼
Nk are formed for
occupying or not occupying subchannel SCk.
3: while
∼
Nk 6= 0 do
4: for each UAV user do
5: if Nk < 2 then
6: Assign a new user to the SCk and remove it from∼
Nk.
7: end if
8: if Nk = 2 then
9: Find the user pair according to the DC algorithm
as Algorithm 2 to maximize energy efficiency on
the subchannel. The new user pair is assigned to
the subchannel, and the other user is placed in the∼
Nk.
10: end if
11: end for
12: end while
Algorithm 2 DC Algorithm
1: Initialization: Two users are allocated same power in a
subchannel and the iteration number t begins from zero,
that is β01,l,k = 0.5.
2: for each UAV cell do
3: for each subchannel do
4: while |F (β(t+1))− F (β(t))| > δ do
5: F (t)(β) = F1(β) − F2(β(t)) − ∇F2T (β(t))(β −
β(t))
6: Search β to minimize the objective function
F (t)(β)
7: β(t) ← β
8: t← t+ 1
9: end while
10: end for
11: end for
A. User Scheduling Algorithm
8max
pi,k
(1− εout)
I∑
i=1
K∑
k=1
{
Bsclog2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k + εoutF
−1
|g2,i,k|2(
εout
2 ) · |PL2,i,k|2β2,i,kpi,k)
pm + β2,i,kpi,k
+
Bsclog2(1+
F−1|g1,i,k|2
(
εout
2 )·|PL1,i,k|2β1,i,kpi,k
σ2+pMk |HM1,i,k|2
)
pm + β1,i,kpi,k
−Bsc log2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k)
pm + β2,i,kpi,k
},
(45)
min
pi,k
(1− εout)
I∑
i=1
K∑
k=1
{−
Bsclog2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k + εoutF
−1
|g2,i,k|2(
εout
2 ) · |PL2,i,k|2β2,i,kpi,k)
pm + β2,i,kpi,k
−
Bsclog2(1+
F−1|g1,i,k|2
(
εout
2 )·|PL1,i,k|2β1,i,kpi,k
σ2+pMk |HM1,i,k|2
)
pm + β1,i,kpi,k
+Bsc
log2(Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k[l])
pm + β2,i,kpi,k
+Bsc
2Ψ2,i,kβ1,i,k
Θ2,i,k + 2Ψ2,i,kβ1,i,kpi,k[l]) ln 2
· pi,k − pi,k[l]
pm + β2,i,kpi,k
}.
(47)
In Algorithm 1, users and subchannels first perform a
two-side matching according to the gain of imperfectly CSI.
Then the DC algorithm in Algorithm 2 is used to select the
user pair to maximizes the energy efficiency by finding the
optimal power proportion factor for each user pair in the same
subchannel.
B. Power Allocation Algorithm
Algorithm 3 Power Allocation Algorithm
1: Initialization: Equal powers are assigned to different
subchannels. Number of iterations t starts from zero to
maximum T .
2: repeat
3: Successive Convex Approximation Algorithm
4: Obtain pi,k[(t+ 1)] by minimizing the objective func-
tion Zt(P ) which is the tth iteration of (47).
5: Check the constraints of interference and power.
6: t = t+ 1.
7: until |Z(p(t+1)i,k )− Z(p(t)i,k)| > ς or t = T
Since the power of different subchannels is equal in the
above user scheduling, Algorithm 3 is proposed as an energy
efficient cross-subchannel power allocation algorithm in the
UAV network. The problem is converted into a convex function
using the successive convex approximation method based on
the existing subchannel-user matching state. Then an iterative
algorithm is designed to find suboptimal solutions under UAV
power constraint and interference constraint for macro users.
A sequential quadratic programming is used to address
convex optimization problem in this paper. First, pi,k[0] is
given an initial value to solve the problem (47). Because
macro users are affected by cross-layer interference from UAV.
At that time macro BS updates the interference constraint
I∑
i=1
pi,k|HMw,i,k|2 ≤ Ik, pi,k|HMw,i,k|2 is obtained from the feed-
back of macro users. Then, the macro BS send the cross-tier
interference to UAV via backhaul. Then the solution is treated
as the next round initial value pi,k[t] with t = t + 1. Finally,
the algorithm terminates when the function converges.
C. Complexity Analysis
For user scheduling, exhaustive search method can obtain
optimal match for all users and subchannels. Suppose there
are I UAV cells, N users in each UAV cell and K = N/2.
Then the complexity is given by O(N !
2K
) for exhaustive search.
The worst situation of Algorithm 1 using DC algorithm is that
any new user need to compare with previous two users for
all subchannels. Therefore, the complexity is no more than
O(K2) for Algorithm 1. Logarithmic form is used to repre-
sent computational complexity, O(lnK) < O(ln((2K)!)) =
O(ln((2K)!)−K). Therefore, our user scheduling algorithm
reduced computational complexity.
V. NUMERICAL SIMULATION AND ANALYSIS
The results of simulation are given to demonstrate effective
user scheduling and power allocation in NOMA UAV network
with imperfect CSI. The whole network consists of one
ground BS, UAVs and users. Some users are still provided
communication service by the ground macro BS, while others
are provided service by hovering UAVs nearby. The BS is
arranged at the center point with 1000 m for macrocell radius,
and 20 macro users are randomly distributed around the BS
receiving signals from it. The paper simulates the scenario
where several UAVs randomly move over the users in need
and hover to provide communication services. 4 UAVs are
randomly distributed with radius of 350 m and height of 200
m, and N users need communication connection service in
each UAV cell. The flying height of low-altitude rotor UAVs is
about hundreds of meters. Each UAV has a minimum distance
constraint from the ground BS to ensure that the UAV serves
users at the edge of the macrocell. And enough users are
randomly deployed within the coverage of each UAV, and the
number of UAV users in the simulation ranges from 10 to 40.
Carrier frequency is 2 GHz and divided into K subchannels
where K = N/2. The minimum distance between the BS and
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Fig. 2. Energy efficiency vs the number of users.
UAV cells is 50 m on a horizontal plane. Different from the
channel fading model from ground BS to users, the channel
path loss model in UAV network includes LOS and NLOS.
The AWGN power spectral density N0 = -174 dBm/Hz and
AWGN power σ2 = BKN0. The maximum power is 5 W for
each UAV and 0.5 W is used as hovering power consumption
pm. The error tolerance ς = δ = 0.01.
Fig. 2 denotes energy efficiency of the UAV network with N
from 10 to 40 per UAV cell in NOMA and OFDMA condition.
Outage probability is 0.05. Fig. 2 proves that network energy
efficiency rises with increased number of users who need
additional UAV services. Fractional transmit power allocation
(FTPA) is a common algorithm for user scheduling where
power allocated on users in the same subchannel is according
to the exponent of subchannel gain. The new power allocation
scheme with successive convex approximation algorithm has
a better performance compared with the NOMA-DC and
NOMA-FTPA scheme in [41]. The NOMA-proposed in the
simulation is our resource allocation method. NOMA-DC is
the DC algorithm used for power allocation, which is different
from the NOMA-proposed. The NOMA-FTPA is the resource
allocation algorithm with FTPA and NOMA for comparison.
And OFDMA method only allows each subchannel to serve
one user at the same time. It is obvious that the energy
efficiency of UAV networks using NOMA is much higher than
that of OFDMA. Energy efficiency of our algorithm has a 3.6%
improvement than the power allocation algorithm in [41] and
17% more than FTPA algorithm with 30 users per UAV cell.
Fig. 3 shows that the energy efficiency varies along with
iterations for power allocation algorithm with 10 and 30 users
per UAV cell. Fig. 3 validates the power allocation scheme
using successive convex approximation in this paper, we can
see that the energy efficiency reaches a stable value after 4
iterations. Therefore, this method can finally obtain a stable
suboptimal solution. Besides, system has a higher energy
efficiency under 30 users compared to 10 users per UAV cell.
In Fig. 4, the UAV network performance is evaluated against
the number of users and different estimation errors. NOMA-
proposed is the successive convex approximation method used
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Fig. 4. Energy efficiency vs different number of users and estimation errors.
in power allocation in the paper. And the network energy
efficiency declines as the estimation error increases. Because
when the estimation error increases, the ability of the receiving
terminal to sense the UAVs channel information is poor,
the maximum capacity of the channel cannot be accurately
calculated, and the instantaneous rate may exceed the max-
imum capacity, resulting in an increased outage probability.
In particular, when there are 30 users per UAV cell, the total
UAV network performance with σ2e = 0.01 improves by 2.9%
over σ2e = 0.05 as well as by 6% over σ
2
e = 0.05.
Fig. 5 evaluates energy efficiency of UAV cells against the
number of users considering different CSI. UAVs move to
different hovering positions in the air and transmit through
LOS and NLOS communication channels, and eventually
lead to different channel errors. The perfect CSI indicates
that there is no channel estimation error, and the user can
perceive accurate channel gain, that is, en,i,k = 0 . The
energy efficiency in our proposed algorithm is better than
FTPA algorithm regardless perfect CSI or imperfect CSI with
σ2e = 0.2. When there are 40 users per UAV cell, the total
energy efficient with perfect CSI is 6% more than σ2e = 0.2
in our proposed algorithm.
Fig. 6 evaluates the sum of UAV network energy efficiency
against hovering power consumption pm. 10 users are set in
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Fig. 6. Energy efficiency vs pm with Pmax = 10 W.
each UAV cell and the maximum transmit power of each UAV
is 10 W. It can be obtained that the UAV network performance
is degraded as the pm increases in NOMA and OFDMA. The
increase in hovering power causes an increase in overall power
consumption, and the ratio of the total data rate to it decreases.
However, the performance of our proposed algorithm still
outperforms the the existing schemes. The energy efficiency
in our algorithm exceed 19% than FTPA and is far superior
to OFDMA when the power consumption of pm is 1 W.
Fig. 7 evaluates the whole energy efficiency of UAV network
versus hovering power consumption pm with 5 W for the
maximum transmit power per UAV. There are 10 users per
UAV cell and estimation error is 0.05. The energy efficiency
degrades as the pm increases. For example, the performance
of our proposed algorithm improves 18% more than FTPA al-
gorithm in user scheduling with hovering power consumption
0.5 W.
The energy efficiency of UAV network versus hovering
power consumption pm with different estimation errors of low-
altitude channel is revealed in Fig. 8. System performance
decreases not only as hovering power consumption increases
but also as estimation error increases. At the same hovering
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Fig. 7. Energy efficiency of the system vs pm with Pmax = 5 W.
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Fig. 8. Energy efficiency vs pm under different estimation errors.
power consumption, the subchannel with a smaller estimation
error can achieve greater energy efficiency. Because the esti-
mation error means the channel perception capability. For pm
= 0.5 W with 10 users per UAV cell, the system performance
with σ2e = 0.01 improves 5% than σ
2
e = 0.1 and 19.7% than
σ2e = 0.5.
The network performance versus the height of UAVs is
given in Fig. 9. The channel estimation error is 0.05 and
20 users per UAV cell. The mobility of UAV in the vertical
direction will also bring changes in network energy efficiency.
Regardless of the algorithm, the system energy efficiency
increases and then drops as the height of UAV grows. The
distance from UAVs to users becomes farther with a higher
UAV, but the probability of LOS becomes larger too. There-
fore, path loss is reduced due to the larger LOS probability at
first. However as the height continues to increase, the distance
influence become greater and the overall path loss increases.
The height value for realizing maximum energy efficiency is
related to the environment in which the UAV and the user
are located. When the height of UAV is 150 m, the energy
efficiency of our algorithm raises 8.8% in comparison with
11
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Fig. 9. Energy efficiency vs height of UAVs.
NOMA-FTPA algorithm and increases 34% than OFDMA
algorithm.
VI. CONCLUSIONS
Resource allocation to achieve maximum energy efficiency
in the NOMA UAV network was studied in our paper. Because
UAVs can move and provide services in the air, the constraints
of the energy efficiency optimization problem included UAV
power, outage probability, and interference limitation to macro
users. Due to the small-scale fading in low-altitude channels,
we considered imperfect CSI for UAV communications. The
non-convex target problem with imperfect CSI was trans-
formed into a problem without probability constraint at first.
Resource allocation was divided into two steps with a fixed
hovering height of the UAV in the UAV network. In user
scheduling, a suboptimal algorithm was proposed to achieve
subchannels and users matching by finding power proportion
factors for users assigned on the same subchannel. Then the
objective function was non-convex for power yet and was con-
verted into a convex problem through the successive convex
approximation method. Finally, a suboptimal algorithm was
designed to handle the convex problem. The simulation proved
that energy efficiency in the UAV network was promoted by
our algorithm in comparison with existing algorithms.
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